Abstract--Kaolinite was converted into illitic clays in a 2.58 m KOH solution in gold capsules using cold-seal pressure vessels at 225 ~ 250 ~ 300 ~ and 350~ and 500 bars. The XRD shows that the major reaction products are illitic clays with no interlayer expandability. The TEM shows that the illitic clays appear mainly platelet-like with a K/Si ratio close to that of muscovite/illite. The extent of the conversion was monitored by measuring the XRD peak ratio of muscovite (illite) and kaolinite in quenched run products. The results reveal that kaolinite converts to muscovite/illite in the KOH solution at an initial rate two to three orders of magnitude faster than that of similar reactions at near-neutral conditions.
INTRODUCTION
Studies of the paragenesis of authigenic illite in arkosic sandstones of various regions and ages have revealed that the illitization of kaolinite is an important reaction accounting for authigenic illite formation in sandstones during burial diagenesis (Hancock and Taylor, 1978; Sommer, 1978; Seemann, 1979; Rossel, 1982; Dutta, 1986) . The equilibrium relationships of this reaction in arkosic sandstones have been previously studied (e.g., Bjorlykke, 1983) . However, in low-temperature systems, reaction rates should be considered to determine the extent of illitization in arkosic sandstones, especially at shallow burial depths (Aagaard and Egeberg, 1987) .
In addition to the experimental studies of the rate of illitization of smectite (Eberl and Hower, 1976; Howard and Roy, 1985; Whitney and Northrop, 1988; Huang et al., 1993) , the rate of illitization of kaolinite has recently been studied. Huang and Otten (1985) reported preliminary results on the kinetics of the kaolinite to K-mica conversion in alkaline solutions. Rimstidt (1987 and 1990) experimentally determined the rate of kaolinite to muscovite/ illite transformation in KC1 solutions. Small (1993) measured the precipitation rate of illite from amorphous A1/Si gels. Huang (1992) experimentally simulated illite formation from a "model" arkosic sandstone containing kaolinite + feldspar + quartz with a variety of solution compositions. Velde (1965) , in his study of muscovite polytype stabilities, demonstrated that muscovite can be synthesized very rapidly from kaolinite and KOH. The present study measures the rates for a similar reaction at lower temperatures. The results, when compared with those in near-neutral solutions, may shed light on the effect of pH on the kinetics of illite formation and place constraints on authigenic illite formation.
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EXPERIMENTAL MATERIALS AND METHODS

Starting materials
The solid materials used were mainly synthetic kaolinite hydrothermally synthesized from glass at 300~ and 500 bars for six days in a Dickson-type pressure vessel (Seyfried et al., 1979) . The glass of kaolinite composition was prepared according to a standard method (Hamilton and Henderson, 1968 ) using tetraethylorthosilicate (TEOS) as a source of Si and aluminum nitrate for A1. A chemically homogeneous gel was first formed from the desired regent-grade chemicals; it was then fired at 800~ to form a glassy material. The synthetic kaolinite appears as pseudo-hexagonal platelets ranging from 0.1-2 #m with average grain size around 0.5 #m. Only those with diameters from 0.5-2 um were used for the present experiments. The average surface area of the studied kaolinite measured by the BET method is 13.6 m2/g. One experiment using the glass with kaolinite composition was also carried out. A 2.58 m (molality) KOH solution prepared using Baker-analyzed KOH was also used as a starting solution.
Experimental procedures
The hydrothermal experiments were carried out at 150 ~ 175 ~ 200 ~ 225 ~ 250 ~ 300 ~ and 350~ in rapidquench, cold-seal pressure vessels using gold capsules with dimensions of 0.44 cm O.D. x 1.9 cm length. Approximately 60 mg of kaolinite and 60 #1 of the KOH solution were arc-sealed in the capsules. The bulk composition of the starting material in the capsules was equivalent to muscovite and water. However, the actual reaction equation or kinetic order cannot be obtained from this study because only one initial KOH concentration was used (Chermak, personal communication, 1993) . The exact amounts of starting kaolinite showing rapid reaction rates, were conducted using the "rapid-heating" method. The pressure vessel was preheated to a desired temperature, and then the gold capsule was dropped into the hot spot of the vessel so that the sample was rapidly heated to the run temperature within a few minutes. Each run was terminated by rapid quenching of the gold capsule. Details of product collection for solids and fluids are described in Huang et aL (1986) and Huang (1992) . The solid products were routinely characterized by X-ray powder diffractometry (XRD), and selected ones were analyzed by scanning electron microscopy (SEM), analytical transmission electron microscopy (TEM), and thermogravimetric analysis (TGA).
Quantitative analysis of reaction progress
An XRD calibration curve was prepared from a series of mixtures containing various proportions of the starting kaolinite and a muscovite/illite that was prepared by complete conversion from kaolinite at 300~ for 24 hr. Sample preparation for XRD is critical in the quantification of results. Ten mg of each mixture were ultrasonically dispersed in 0.5 ml of distilled water. The water with clay suspension was dropped and confined in an area ofl7 mm • 17 mmon aglass slide for air drying. The oriented clay film was used for XRD using CuK~ radiation. The conventional calibration curve using the basal reflections of kaolinite and muscovite (7.14 ~ and 10 ~, respectively) cannot be used because the d(001) 10 ~, peak intensity of muscovite/illite is very weak ( Figure IA ) due to the random arrangement ofmuscovite/illite platelets in the clay aggregates ( Figure 4B ). Two diagnostic peaks were chosen to measure quantitatively the relative amounts of kaolinite and muscovite/illite in the mixtures. A peak at 20.3 ~ 20 represents the combination of a major kaolinite reflection (i 10) at 4.361 A and a minor muscovite/illite reflection (021) at 4.388 ~; whereas the peak at 19.9 ~ 20 is the combination of a major muscovite/illite reflection (111) at 4.448 A and a minor kaolinite reflection (020) , and x = weight percent of muscovite/illite clay in the kaolinite and muscovite/illite mixture. The relative uncertainty for measuring wt. % ofmuscovite/illite in the run products is considered to be _+ 10%.
The reaction products were prepared for XRD by using the described procedure. Provided that these two minerals are dominant in the products, the weight ratio can be used to follow the reaction progress that converts kaolinite to muscovite/illite. This is usually true for most experiments at temperatures higher than 225~ XRD shows the presence of only kaolinite and muscovite/illite, and TEM indicates kaolinite + muscovite/illite and the presence of a trace amount of a third phase (boehmite or amorphous silica).
The precision of the XRD method was also confirmed independently by TGA analysis of products at 300~ (Table 2 ) with a Perkin Elmer TGS-2. A heating rate of 10~ was used. Data were analyzed with a Perkin-Elmer model 3600 data station. The calculation of the relative amounts of kaolinite and muscovite/ illite from TGA data was based on the weight loss of water by assuming that only two minerals were present and that the muscovite/iUite clay had a muscovite composition. Because of the difficulty in determining the beginning of dehydration of crystalline water, the TGA method is less accurate than the XRD method.
Electron microscopy
In addition to XRD analyses, the starting kaolinite and solid run products from experiments at 200 ~ and 
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Cu Ka Figure 1 . Typical X-ray patterns showing: A) starting kaolinite and run products for runs #242 (6 hr), #239 (16 hr) and #233 (24 hr) at 300~ B) the progressive change of diagnostic X-ray peaks (marked by arrows in Figure 1A ) as kaolinite converts into muscovite/illite at 300~ The wt. % of muscovite/illite in kaolinite + muscovite/illite mixture is also shown next to the experimental run time.
300~ were selected for detailed analyses using SEM and TEM with selected area electron diffraction (SAD) and energy-dispersive X-ray spectroscopy (EDS) modes. The equipment, experimental procedures, and clay standards for chemical analysis are the same as those reported in G~ven and Huang (1991) .
RESULTS
Characteristics of starting kaolinite and reaction products
Microscopic characteristics of the starting kaoIinite and the neoformed illitic clays are summarized in Table 3. The synthetic kaolinite appears mainly as pseudohexagonal platelets with an average grain size of 0.5 zm (Figure 3) . Kaolinite also appears as dense aggregates of elongated and lath-like platelets which make up about 10-15% of the sample. The X-ray spectral data using TEM indicate that these elongated and lathlike platelets are kaolinite. No unreacted glass or other phase was found in the sample. Detailed microscopic characterization of the synthetic kaolinite was presented in Huang (1993) . Electron microscopic examination of the run products at 300~ (16 hr) reveals that the starting kaolinite platelets were first altered by the loss of their original pseudohexagonal form while illitic clays grew as short filaments or laths on the large rose-like kaolinite ag- Figure 4B ). The unreacted kaolinite is composed of aggregates of extremely small platelets with some well-preserved hexagonal outlines ( Figure 5D ). A close view of illitic platelets shows a crystal mosaic composed of pseudohexagonal platelets ( Figure 5A) ; most of the neoformed illitic platelets are about the size of the starting kaolinite platelets, and no continuous protective layer of illitic clays is present on the individual kaolinite platelets. The SAD pattern obtained from these platelets shows a spot pattern like a single platelet, indicating a strict crystallographic arrangement of these platelets. The EDS analysis of this type of platelet shows high A1 and K contents, close to muscovite. All illitic clays neoformed from kaolinite in the present experiments contain no detectable expandability based on X R D of glycolated samples. I use a general term "illitic clay" for the neoformed K-micas of a variety of compositions, including fine-grained muscovite, illite, and illite/smectite formed in the present experiments since they occur in clay-size 0ess than 4 #m) fractions (Srodrn and Eberl, 1984) . However, for those formed at 225~ and above, the term "muscovite/illite" is used since their composition is close to muscovite.
In general, most illitic clays formed at 300~ show K/Si ratios close to that of muscovite. Some of the illitic clays formed at 200~ and below show a rather low K/Si ratio ( Figures 4C, 4D, and 5B). The significant change of illitic clay composition corresponds to the a p p e a r a n c e o f K -n a t r o l i t e ( Figure 4A ) and trace amounts of boehmite ( Figure 5C ) in the run product at 200~ and below.
Conversion rate of kaolinite to muscovite/illite
The data at 225 ~ 250 ~ 300 ~ and 350~ for the extents of kaolinite to muscovite/illite conversion as a function of run time, determined using XRD, are listed in Table 1 . The quantification of the reaction progress using T G A method is also shown for comparison (Table 2). The results show that kaolinite converts progressively to muscovite/illite at all run temperatures. Examples of the X-ray patterns for runs at 300~ are presented in Figure 1 B, which shows that the musco- Table 3 obtained from the thin illitic platelet in Figure 4C ). vite (illite) peaks increase as the kaolinite peaks decrease with increasing r u n duration. T h e results also show that n o significant i n c u b a t i o n period is required for the conversion, although n o muscovite/illite seed was a d d e d in the starting material. This suggests that the nucleation o f muscovite/illite does not limit the c o n v e r s i o n rate.
T h e reaction kinetics o f kaolinite to muscovite/illite Huang Clays and Clay Minerals" in KCI solution were found to be first order with respect to [K +] (Chermak and Rimstidt, 1990) . For approximation, similar kinetic order is assumed in an alkaline KOH solution although the present experimental data are insufficient to confirm it. The assumed reaction can be written as:
1.5 kaolinite + KOH = muscovite + 2.5 H20
( 1) This assumption is reasonable since the composition of the illitic clay formed is close to muscovite and no solid phase other than kaolinite and muscovite/illite are present in the run product. The accurate determination of the reaction order requires experiments carried out at different concentrations of [K+] . The experimental results obtained at temperatures of 150 ~ 175 ~ and 200~ however, show that kaolinite first converted to illitic clay and K-natrolite and finally to illitic clay only as run time increased. The results show that within a few hours, at 200~ about 40% of kaolinite decomposed to form both natrolite and illitic clay. This reaction seemed to stop for a long period of time before a rapid transformation of both kaolinite and natrolite to illitie clay occurred. No quantitative analysis of the reaction rate was performed for these runs.
DISCUSSION
Conversion rate
The experimental data for kaolinite to muscovite/ illite conversion at 225~ and above was modeled using an initial rate method similar to that of Chermak and Rimstidt (1990) . The data were polynomially fitted to an empirical equation for each temperature (Table 4) . The initial and instant rates of conversion (dXi./dt) during the reaction were then calculated by differentiating the empirical equation for each temperature, where Xi. = the mole fraction of muscovite (illite) grown from kaolinite and t = time. The activation energy for the initial rate was calculated by applying the Arrhenius equation. The results are shown in FigFigure 6 . Comparison of Arrhenius plots showing the natural logarithm of initial rate (r = dnH+/dt or dn~,/dt in molal/s) vs 1000/T ~ for the kinetics of kaolinite to muscovite/illite conversion in KOH (2.58 m) and in KC1 solution (2 m) from Chermak and Rimstidt (1990) . The activation energies calculated are, respectively, 104 k J/tool and 157 k J/tool in KOH and KC1 solutions. ure 6. An activation energy of 104 kJ/mol with an uncertainty of about +_20 kJ/mol can be calculated from the experimental data. The large uncertainty is due to the insufficient experimental data at temperatures other than 300~
It is interesting to note that the experimental data for the percent of conversion can also be fitted nicely (r 2 = 0.98) to a parabolic rate expression with:
where k is a temperature dependent rate constant. This model takes overall rates (not only the initial rate) into account and gives an activation energy of approximately 54 kJ/mol and a frequency factor approximately 137 (sec-~). The parabolic rate implies a diffusion control (e.g., Wallast, 1967; Mathews, 1980) . Because of the lack of experimentally observed protected layer on the kaolinite surface to support the diffusion mechanism, the model is less favorably considered for this reaction. However, the empirical Eq. 2 is useful for approximately modeling muscovite/illite formation in highly alkaline solutions (Huang, 1992) . The fast rate of kaolinite to muscovite/illite conversion in the KOH solution relative to that in neutral solutions, which will be discussed in the next section, was attributed by Velde (1965) to the rapid nucleation and growth of neoformed muscovite/itlite, which inherits parts of the kaolinite structure. In order to evaluate this mechanism, an experiment using glass of kaolinite composition as starting material was also run at 300~ The results show that there is no significant growth-rate difference between muscovite/illite formed from a crystalline kaolinite and that formed from glass of kaolinite composition. SEM observations also in- Notes: dm. § is the initial rate in molal/s and is equal to dnJdt in accordance with Eq. 1, where dni,/dt = mole of muscovite formed in mol/kg/s. dX~,/dt is the change rate of the mole fraction of muscovite in the mixture of kaolinite and muscovite in the solid run products and is equal to the rate of muscovite formed (mol/ s) in the run product divided by the total moles of kaolinite and muscovite in the run product.
dnJdt was converted into dX,,/dt by multiplying a factor a. For the present experiments,
where 0.00006 is the mass of water in kg in the run product, 0,06 is the weight of starting kaolinite in g, 258 is the formula weight of kaolinite, and % muscovite formed = (% kaolinite dissolved/1.5). At initial condition, a = 0.00006/(0.06/258) = 0.258 for the present study and 1.61 for Chermak and Rimstidt (1990) .
dicate that kaolinite extensively dissolves and loses most of its original shape. This suggests that the presence of an existing kaolinite layer is by no means a major factor accounting for the unusually fast conversion rate of kaolinite to muscovite/illite.
Comparison of rates in alkaline and neutral solution
For comparison, the initial rates reported by Chermak and Rimstidt (1990) , based on the change of hydrogen ion concentration (dmH+/dt) in near-neutral solutions during the kaolinite to muscovite/illite conversion, were recalculated to the conversion rates in mole fraction of illite formed in solids (dXin/d 0 (Table  5) . Conversely, the rate based on fraction of conversion monitored using solid run products in this study was also converted to the rate in dmH § assuming a stoichiometric relation of Eq. 1. The comparison shows that the initial reaction rate of kaolinite to muscovite/ illite in the KOH solution is about two to three orders of magnitude higher than that in the KC1 solution (Table 5 and Figure 6 ). The activation energy (104 kJ/ mol) derived from the experiments in the alkaline solution is slightly lower than that (157 kJ/mol) derived from the neutral solution experiments reported by Chermak and Rimstidt (! 990) (Figure 6 ).
The comparison was further performed by modeling the data at 300~ using the kinetic model of Chermak and Rimstidt (1990) . The experimental data used for the model include the temperature, the K + and H § concentrations, the estimated surface areas of muscovite/illite (A,~) in the run products, and mass (M) of water in the experimental solution. The decrease of [K +] and the increase of [H + ] with run time were calculated using the initial solution concentrations and the extent of the reaction measured in each experiment assuminga stoichiometric relation of Eq. 1. The surface area of the run product was calculated using the average particle dimensions (2.4 x 1.6 • 0.3 #m) ofneoformed muscovite/illite estimated from microscopic data and the amount ofmuscovite/illite formed at a given time. The instant rates, dnJdt (i.e., mole of muscovite/illite formed in 1 kg of water per second or dmH+/dt) at different extents of reaction were first calculated using the kinetic model and later recalculated to the rate in dXJdt for comparison (Table 6 ). The results show that the conversion rates calculated over a wide range of reaction extent are about 5 to 8 times slower than those experimentally observed (Table 6 ). The rate differences are much less pronounced than for the initial rate. This is attributed to the rapid decrease in solution pH because of low fluid rock ratio used as the reaction proceeds. The kinetic model of Chermak and Rimstidt (1990) derived from experiments in neutral solutions can better predict the present experimental data if solutions approach a near-neutral pH. This big difference in initial rates between alkaline and near-neutral solutions, however, is not predicted from the previous kinetic model of Chermak and Rimstidt (1990) . This suggests the reaction mechanism in alkaline solutions could be significantly different from that in near-neutral solutions.
CONCLUSIONS
Illitic clays with a variety of compositions have been grown from kaolinite in a KOH solution at elevated temperatures and pressures. Although no systematic compositional variation can be quantified from this study, the results show that most illitic clays formed at 300~ have K/Si ratios close to that of muscovite, whereas illitic clays formed at 200~ or below have composition similar to illite or mixed-layer illite/smectite. All illitic clays, however, show no detectable expandable layers by XRD. The morphology of most neoformed illitic clays is mainly platelet-like, subordinately lath-like, and rarely fibrous.
The present study also reveals that the solution pH significantly affects the kaolinite to muscovite/illite conversion rate. The conversion rate is about two to three orders of magnitude faster in an initially high alkaline solution than in near-neutral solution, whereas the activation energy in the KOH solution is slightly lower than that found in KC1 solution. The unusually high conversion rate in the highly alkaline solution is Table 6 . Calculation of kaolinite-to-illite conversion rate at 300~ based on experimental data of this study using the kinetic model of Chermak and Rimstidt (1990) Notes: Frac. = fraction, mK+ = molal of K +, mn+ = molal of hydrogen ion, A~, = surface area of illite in run product; M = mass of solution, dniH/dt = rate of illite formed, calc. = calculated, obs. = observed, X,, = mole fraction of illite, and dX,,/ dt = the rate of X,, change. mK+ and m.+ were calculated based on the extent of conversion using Eq. 1; A,~ was estimated using the observed particle size of neoformed illite; M was estimated from the volume of solution used.
dn,,/dt was calculated based on the kinetic model of Chermak and Rimstidt (1990) ; the calculated dX,,/dt was converted from dniJdt (see note in Table 5 ); the observed dX,a/dt is instant rate calculated using initial rate method. not predicted from the previous kinetic model, experimentally derived from near-neutral KC1 solutions. A systematic experimental program in the future using buffered solutions over a wide range of pH is required to quantify the effect of pH on the rates.
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